STMN1 (stathmin or oncoprotein-18) destabilizes microtubules and reorganizes cytoskeleton, and functions in cell cycle progression and cell migration. STMN1 activity is infl uenced by p53, p27, and the PI3K / AKT pathway. However, its prognostic signifi cance in colon cancer is uncertain.
INTRODUCTION
STMN1 (the offi cial symbol for stathmin or oncoprotein-18) is one of the cellular proteins that destabilize microtubules in a phosphorylation-dependent manner (1 -5) . By virtue of its ability to reorganize the microtubule cytoskeleton, STMN1 likely plays an important role in cell cycle progression and cell migration (4 -7) . STMN1 is phosphorylated in response to EGF (epidermal growth factor) in colon cancer cells (8) , 10 .1038/ajg. 2009.281 and can serve as a signature molecule for activation of the phosphatidylinositol 3-kinase (PI3K) / AKT pathway (9) , suggesting STMN1 as a potential therapeutic target. Considering a link between cancer, excess energy balance, and the EGF-PI3K-AKT signaling pathway (10, 11) , STMN1 is likely involved in energy balance-related carcinogenesis. Activity of STMN1 is inhibited by cell cycle regulators, p53 (6, 12, 13) and p27 ( CDKN1B ) (7, 14) . STMN1 expression has been reported in various human cancers (9,15 -19) including colorectal cancers (8, 13, 20) , and has been associated with clinical outcome in breast, brain, and liver cancers (16, 21, 22) . However, to our knowledge, no study has examined the prognostic signifi cance of STMN1 expression in colorectal cancer.
In this study, using a large number ( N = 546) of stage I -IV colorectal cancers in two independent cohort studies, we have examined the eff ect of tumoral STMN1 expression on patient survival. As we concurrently assessed other related molecular variables including fatty acid synthase (FASN), LINE-1 hypomethylation, p53, p21, p27, cyclin D1, KRAS , BRAF, PIK3CA , microsatellite instability (MSI), and the CpG island methylator phenotype (CIMP), we could evaluate the independent eff ect of STMN1 on patient survival aft er controlling for potential confounding by molecular events.
METHODS

Study population
We utilized the databases of two independent prospective cohort studies; the Nurses ' Health Study ( N = 121,700 women followed since 1976) and the Health Professionals Follow-up Study ( N = 51,500 men followed since 1986) (23) . Every 2 years, participants have been sent follow-up questionnaires to update information on potential risk factors and to identify newly diagnosed cancer and other diseases in themselves and their fi rst degree relatives. When a colorectal cancer incidence was reported, we sought permission to obtain medical records. Study physicians reviewed all records related to colorectal cancer, and recorded TNM and AJCC (American Joint Committee on Cancer) tumor stage and tumor location. We calculated body mass index (BMI, kg / m 2 ), using self-reported height and weight from the biennial questionnaire that immediately preceded the diagnosis of colorectal cancer. In validation studies, self-reported anthropometric measures correlated well with measurements by trained technicians ( r > 0.96) (24) . We collected paraffi n-embedded tissue blocks from hospitals where patients underwent tumor resections (23, 25) . Based on availability of tissue samples, we included a total of 546 stage I -IV colorectal cancer cases diagnosed prior to 2003. Tissue sections from all colorectal cancer cases were reviewed and confi rmed by a pathologist (S.O.). Of the 546 tumors, three or more tumor tissue blocks were available in 204 cases, 2 in 217 cases, and 1 in the remaining 125 cases. We excluded cases preoperatively treated with radiation and / or chemotherapy. Tumor grade was categorized as high or low ( ≤ 50 % vs. >50 % glandular area). Th is current analysis represents a new analysis of STMN1 on the existing colorectal cancer database that have been previously characterized for CIMP, MSI, FASN, p53, KRAS , BRAF, PIK3CA , LINE-1, COX-2, and clinical outcome (23,25 -27) . Th is is analogous to novel studies using the well-described cell lines or animal models. In any of our previous studies, we have not examined STMN1 expression or the relations of STMN1 with clinical outcome and other molecular events. Moreover, we were able to control for possible confounding by a number of molecular features on which our tumor database had accumulated data. Th is study represents a unique novel study in terms of (1) a large sample size analyzed for STMN1; and (2) the comprehensive clinical and tissue molecular database utilized, including the long-term follow-up outcome data, CIMP, MSI, KRAS, BRAF, PIK3CA , FASN, p53, -catenin, LINE-1 methylation, and cyclooxygenase-2 (COX-2).
For nonresponders, we searched the National Death Index to discover deaths and ascertain any diagnosis of colorectal cancer that contributed to death or was a secondary diagnosis. Approximately 96 % of all incident colorectal cancer cases were identifi ed through these methods. Th is study was approved by the Human Subjects Committees at Brigham and Women ' s Hospital and the Harvard School of Public Health. Informed consent was obtained from all study subjects.
Measurement of mortality
Patients were observed until death or June 2006, whichever came fi rst. Ascertainment of deaths included reporting by the family or postal authorities. In addition, the names of persistent nonresponders were searched in the National Death Index. Th e cause of death was assigned by physicians blinded to information on lifestyle exposures and molecular changes in colorectal cancer. In rare patients who died as a result of colorectal cancer not previously reported, we obtained medical records with permission from next of kin. More than 98 % of deaths in the cohorts were identifi ed by these methods.
DNA extraction, pyrosequencing of KRAS , BRAF and PIK3CA , and MSI analysis DNA from paraffi n-embedded tissue was extracted, and PCR and Pyrosequencing targeted for KRAS codons 12 and 13 (28) , BRAF codon 600 (29) and PIK3CA exons 9 and 20 were performed (30) . MSI status was determined using 10 microsatellite markers (D2S123, D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D18S487) (31) . MSI-high was defi ned as the presence of instability in ≥ 30 % of the markers, MSI-low / microsatellite stability as the presence of instability in 0 -29 % of the markers.
Real-Time PCR for CpG island methylation and pyrosequencing to measure LINE-1 methylation
Sodium bisulfi te treatment on tumor DNA and subsequent real-time PCR (MethyLight) assays were validated and performed (32) . We quantifi ed promoter methylation in eight CIMP-specifi c genes ( CACNA1G , CDKN2A , CRABP1 , IGF2 , MLH1 , NEUROG1, RUNX3, and SOCS1 ) (26, 31, 33) . CIMP-high was defi ned as ≥ 6 / 8 methylated promoters using the 8-marker CIMP panel, CIMP-low / 0 as 0 -5 methylated promoters, according to the previously established criteria (26) . To accurately quantify relatively high LINE-1 methylation levels, we utilized Pyrosequencing as described earlier (27, 34) .
Immunohistochemistry for STMN1, cyclin D1, p53, p21, p27, -catenin, COX-2, and FASN Tissue microarrays were constructed as described earlier (23) . Methods of immunohistochemical procedures and interpretation were previously described as follows: cyclin D1 (35) ; -catenin (36) ; p21, p27, and p53 (37, 38) ; COX-2 (23,39) ; FASN (39) . For STMN1 ( Figure 1 ), antigen retrieval was performed, and deparaffi nized tissue sections in Antigen Retrieval Citra Solution (Biogenex Laboratories, San Ramon, CA) were treated with microwave for 15 min. Tissue sections were incubated with 5 % normal goat serum (Vector Laboratories, Burlingame, CA) in phosphate-buff ered saline (60 min). Primary antibody against STMN1 (Rabbit polyclonal to STMN1, 1:50 dilution; Cell Signaling, Danvers, MA) was applied, and the slides were maintained overnight at room temperature. Next, we applied an anti-rabbit IgG antibody (Vector Laboratories) for 30 min, followed by an avidin -biotin complex conjugate (Vector Laboratories) for 30 min. Slides were developed using diaminoben- 
Statistical analysis
We used stage-stratifi ed (matched) conditional Cox proportional hazard models to compute hazard ratios (HRs) of death according to STMN1 status, adjusted for age at diagnosis, sex, year of diagnosis, BMI ( < 30 vs. ≥ 30 kg / m 2 ), family history of colorectal cancer in any fi rst degree relative (present vs. absent), tumor location (right vs. left colon vs. rectum), grade (high vs. low), FASN, MSI (high vs. low / microsatellite stability), CIMP (high vs. low / 0), LINE-1 methylation, KRAS , BRAF, PIK3CA, -catenin, p53, p21, p27, cyclin D1, and COX-2. For analyses of colorectal cancer-specifi c mortality, death as a result of colorectal cancer was the primary end point and deaths as a result of other causes were censored. Th e proportionality of hazards assumption was satisfi ed by evaluating time-dependent variables, which were the cross product of the STMN1 variable and survival time ( P = 0.10 for colon cancer-specifi c mortality; P = 0.62 for overall mortality). To adjust for potential confounding, age, year of diagnosis, and LINE-1 methylation were used as continuous variables, and all other covariates were used as categorical variables. Tumor stage (I, IIA, IIB, IIIA, IIIB, IIIC, IV) was used as a stratifying (matching) variable. For cases with missing information in covariates (including BMI (3.7 % missing), tumor location (0.9 % missing), tumor grade (0.4 % missing), MSI (0.4 % missing), KRAS (0.2 % missing), BRAF (2.0 % missing), -catenin (6.8 % missing), p53 (0.4 % missing), p21 (1.8 % missing), p27 (3.8 % missing), cyclin D1 (3.3 % missing) and FASN (0.7 % missing)), we included those cases in a majority category, to minimize the number of " missing " indicator variables and maximize the effi ciency of multivariate Cox regression analyses. We confi rmed that excluding cases with missing information in any of the covariates did not substantially alter results (data not shown). An interaction was assessed by including the cross product of the STMN1 variable and another variable of interest (without data-missing cases) in a multivariate Cox model, and the likelihood ratio test was performed. P values were conservatively interpreted, considering multiple hypotheses testing on potential interactions. To assess an interaction between STMN1 and stage, we dichotomized tumor stage (I -II vs. III -IV) as well as treated stage as a linear ordinal variable (I -IV). To assess an interaction between STMN1 and tumor location, we dichotomized tumor location as rectum vs. colon, because adjusted HRs were very similar between right colon and left colon (see Figure 2 ) .
Th e Kaplan -Meier method was used to describe the distribution of colon cancer-specifi c and overall survival time, and the log-rank test was performed. Th e 2 test was used to examine an association of STMN1 with any of the categorical variables. Th e t -test assuming unequal variances was performed to compare mean age and mean LINE-1 methylation level. All analyses used SAS version 9.1 (SAS Institute, Cary, NC) and all P values were two-sided.
RESULTS
STMN1 expression in colorectal cancer and patient survival
Among 546 patients with stage I -IV colorectal cancer, STMN1 overexpression was observed in 297 (54 % ) tumors. Examples of STMN1 immunohistochemistry are shown in Figure 1 . We assessed clinical and molecular characteristics of colorectal cancers, according to tumoral STMN1 status ( Table 1 ) . Compared with STMN1-negative tumors, STMN1-positive tumors were more likely to show PIK3CA mutation ( P = 0.018), p53 negativity ( P = 0.044), and expressions of p21 ( P = 0.002) and fatty acid synthase (FASN, P = 0.015). STMN1 expression was not signifi cantly associated with mucinous component, signet ring cells or tumor diff erentiation.
During follow-up, there were 236 deaths, including 149 colorectal cancer-specifi c deaths. We assessed the infl uence of STMN1 on patient survival. Five-year colorectal cancer-specifi c survival was 78 % in STMN1-positive patients and 76 % in STMN1-negative patients (log-rank P = 0.30), and fi ve-year overall survival was 73 % in STMN1-positive patients and 71 % in STMN1-negative patients (log-rank P = 0.68). In univariate Cox regression analysis, compared with STMN1-negative patients, STMN1-positive patients showed a non-signifi cant trend towards a lower cancerspecifi c mortality (hazard ratio (HR) 0.82; 95 % confi dence interval (CI), 0.59 -1.14). In the multivariate Cox model adjusted for other potential predictors of outcome (including FASN expression), STMN1 positivity was associated with a signifi cantly lower colorectal cancer-specifi c mortality (multivariate HR 0.60; 95 % CI, 0.41 -0.87; P = 0.0078) ( Table 2 ) . Th e greater eff ect of STMN1 in multivariate analysis was principally due to adjusting for tumor stage, LINE-1 methylation, p53 and p21. When we adjusted for only those variables, adjusted HR for colorectal cancer-specifi c mortality was 0.66 (95 % CI, 0.46 -0.94). No other major confounder was present.
Modifying effect of BMI on the relation between STMN1 and mortality
STMN1 has been shown to be a signature molecule for PTENaltered, AKT-activated breast cancers (9) . Th e PI3K / AKT signaling pathway is considered to play an important role in the pathogenetic link between excess energy balance and cancer (11) . Th us, we examined a potential modifying eff ect of BMI or PIK3CA mutation on the relation between STMN1 and patient survival. Th ere was no signifi cant modifying eff ect of PIK3CA on the relation between STMN1 and mortality ( Figure 2 ). In contrast, there was a signifi cant modifying eff ect of BMI on the relation between STMN1 and survival ( Table 3 ) . Th e benefi cial eff ect of STMN1 positivity on cancer-specifi c mortality appeared stronger among normal-weight patients (BMI < 25 kg / m 2 ; adjusted HR 0.31; 95 % CI, 0.17 -0.56) as compared with over- 
Stratifi ed analysis of STMN1 and mortality
We examined the infl uence of STMN1 positivity on cancerspecifi c mortality among the nonobese patients across strata of other potential predictors of survival, including age, sex, year of diagnosis, family history of colorectal cancer, tumor location, stage, FASN, MSI, CIMP, LINE-1 methylation, KRAS , BRAF, PIK3CA, -catenin, p53, p21, p27, cyclin D1, and COX-2 ( Figure 2 , not all strata are shown). Th ere was no evidence for signifi cant eff ect modifi cation by any of the variables Of note, when we excluded obese patients, the overall benefi cial eff ect of STMN1 positivity on cancer-specifi c mortality was even more apparent ( Table 2 ) , compared with the analysis including all obese and nonobese cases. STMN1 positivity was signifi cantly associated with a low cancer-specifi c mortality in stage-matched Cox regression (HR 0.68; 95 % CI, 0.47 -0.98; P = 0.040) and the multivariate analysis (adjusted HR 0.47; 95 % CI, 0.31 -0.73; P = 0.0008).
Effect of obesity on survival in strata of STMN1
Considering the signifi cant interaction between STMN1 and patient BMI, we examined the eff ect of BMI on patient mortality in strata of STMN1 status ( Table 4 ). Among STMN1-positive cases, obese patients (BMI ≥ 30 kg / m 2 ) experienced a examined (all P interaction >0.13). Notably, the eff ect of STMN1 did not signifi cantly diff er between the two independent cohort studies ( P interaction = 0.65), or between FASN-positive and FASNnegative tumors ( P interaction = 0.66).
DISCUSSION
We conducted this study to examine the relation between stathmin ( STMN1 , the offi cial symbol) expression and patient survival in a large number of colorectal cancers. STMN1 is considered to play an important role in the reorganization of microtubule cytoskeleton, cell cycle progression and cell migration (4 -7) . Accordingly, STMN1 alteration has been implicated in a carcinogenic process (4 -7,12 -14) . We found that STMN1 expression was associated with longer survival, independent of patient characteristics and other related molecular variables including p53, p21, p27, KRAS , BRAF , LINE-1 methylation, MSI, and the CIMP. Th is benefi cial eff ect of STMN1 expression was limited to nonobese patients. Our results indicate that STMN1 expression marks colon cancer with indolent biological behavior, particularly among nonobese patients. Clinical outcome or molecular changes in colorectal cancer have been extensively investigated (40 -49) . It is very common to consider that the presence of oncogene activation (or tumor suppressor inactivation) should imply aggressive tumor behavior. However, this preconception does not always hold true. Colon cancers develop through accumulation of multiple genetic and epigenetic events. Some tumors activate STMN1, whereas others do not. To acquire malignant features, STMN1-inactive tumors need to have other aberrations which may confer more aggressive behavior than STMN1 activation does. As an example, MSI has been associated with both tumor suppressor inactivation (such as TGFBR2 and BAX ) and longer patient survival (50) . Th is is likely because non-MSI tumors have more detrimental aberrations. As another example, we have shown that FASN oncoprotein activation is signifi cantly associated with good outcome in nonobese individuals (25) . In survival analysis, an aberration of a given oncoprotein (such as STMN1) can mark a subset of tumors with worse or better outcome, depending on the entire molecular signatures in tumor cells and host environment (as shown in our current study). Th e aforementioned preconception that oncogene activation (or anti-oncogene inactivation) has to cause poor outcome might have caused serious publication bias, because reports consistent with this preconception have been regarded favorably during journals ' decision process, whereas reports of the opposite conclusion have been treated unfavorably.
Interestingly, we found a potential modifying eff ect of BMI on the relation between STMN1 and clinical outcome in colon cancer. Specifi cally, STMN1 positivity appeared to confer a good prognosis in nonobese patients, but not in obese patients with BMI ≥ 30 kg / m 2 . STMN1 is phosphorylated in response to EGF (epidermal growth factor) in colon cancer cells (8) , and can serve as a signature molecule for activation of the PI3K / AKT pathway (9) . Given a potential link between excess energy balance and activation of the EGF-PI3K-AKT pathway (10, 11) , energy balance may be important in determining biological behavior in STMN1-positive tumors. Obesity and excess energy balance have been associated with increased risks of colon cancer and adenoma as well as colon cancer recurrence and mortality (51 -54) . Our data suggest that obesity and excess energy balance are specifi cally detrimental among patients with STMN1-positive tumors, possibly due to activation of the PI3K-AKT pathway by excess energy balance. Th us, it is possible that infl uence of STMN1 overexpression diff ers substantially according to the host milieu in which the overexpression occurs. Th ese intriguing fi ndings need to be confi rmed by independent cohorts in the future.
Our current study has several advantages. In addition to its large sample size, our well-characterized tumor database allowed us to examine a potential interaction between STMN1 and any of the molecular events that have been described in colorectal cancer, including MSI, CIMP, LINE-1 hypomethylation, and alterations of KRAS, BRAF, PIK3CA , p53, p21, p27, cyclin D1, COX-2, FASN, and -catenin. Our large sample size enabled us to perform most subset analyses with adequate power. We were also able to control for potential confounding by those molecular variables, which were potential confounders in survival analysis. Accordingly, we could demonstrate an eff ect of STMN1 on patient survival, independent of clinical and other tumoral characteristics.
As one limitation in our cohort studies, data on cancer treatment were limited. Nonetheless, it is unlikely that chemotherapy use diff ered according to tumoral STMN1 status, because such data were not available to patients or treating physicians. In addition, beyond cause of mortality, data on cancer recurrences were not available in these cohorts. Nonetheless, given the median survival for metastatic colon cancer was approximately 10 -12 months during much of the time period of this study, colon cancer-specifi c survival should be a reasonable surrogate for cancer-specifi c outcomes.
In summary, our large cohort study suggests that STMN1 expression is independently associated with good prognosis in colon cancer. Our fi ndings may have considerable clinical implications. Future studies are needed to confi rm this association as well as to elucidate exact mechanisms by which STMN1 aff ects tumor behavior.
